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I.  INTRODUCTION 
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The  objective  of  this  work  was  to  explore  the  possibility  of  producing 
large  densities  of  electronically  excited  bismuth  atoms,  Bi(  hy 

collisional  transfer  with  electronically  excited  nitrogen  fluoride  radicals, 
NF(a*A).  Herbelin  and  Cohen* have  suggested  that  NF(a*A)  can  be  efficiently 
produced  by  chemical  reaction  by  a  reaction  channel  that  strongly  favors  this 
excited  electronic  state.  Recent  work  by  Cheah,  Clyne,  and  Whltefield,  and 
also  by  Mallns  and  Setser,^  supports  this  conclusion.  Herbelin,  Spencer,  and 
Kwok^  have  demonstrated  that  large  concentrations  of  the  electronically 
excited  NF(a*A)  could  be  produced  in  a  sonic  flow  by  means  of  this  chemical 
reaction  scheme.  This  scaling  was  repeated  by  Miller*’  in  a  combustor-driven 
flow  facility  and  scaled  to  larger  concentrations  by  Herbelin,  et  al.,^  in  a 
larger  supersonic  flow. 

Q 

Capelle  and  Sutton0  have  shown  that  a  resonant  collisional  transfer  from 
NF(a*A)  to  Bi(^S3/2)  is  extremely  fast  and  efficient.  This  result,  combined 
with  the  stimulated  emission  cross  section  of  the  ~  Bi(^S3/2) 

transition  at  8758  A  (o  “  7  x  10”*®  cm^),^  much  larger  than  the  NF(a*A)  - 
NF(X^Z  )  transition  at  8742  A  (a  *  2  x  10-^*  cm^),^  strongly  suggests  the 
possibility  of  a  transfer  laser  system.  (The  o's  are  computed  from  the  radia¬ 
tive  lifetimes  reported  in  cited  references.)  An  Important  step  in  developing 
such  a  laser  system  would  be  to  demonstrate  the  feasibility  of  introducing 
bismuth  atoms  into  a  flow  containing  a  large  density  of  NF(a*A),  in  particular 
the  large  supersonic  flow  facility. 

In  this  report  we  describe  our  observation  of  (8758  A)  chemiluminescence 
believed  to  be  emitted  by  electronically  excited  bismuth  atoms.  The  emission 
occurs  when  a  heated  injector  containing  bismuth  is  placed  in  a  supersonic 
flow  of  electronically  excited  NF(a*A).  A  correlation  of  thermal  and  pressure 
data  with  the  appearance  of  the  chemiluminescence,  along  with  a  computer 
analysis  of  the  infrared  video  observations  at  two  wavelengths,  is  presented. 
On  the  basis  of  the  combined  analysis  of  these  data,  we  concluded  that  the 
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observed  emission  results  from  the  production  of  an  excited-state  bismuth  atom 
density,  on  the  order  of  10^  atoms-cnT^  by  collisional  transfer 

with  NF(a1&). 


II .  EXPERIMENTAL 


Figure  1  is  a  schematic  drawing  of  the  supersonic  flow  facility,  hence¬ 
forth  referred  to  as  the  Beta  Facility.  The  facility  employs  an  arc-driven 
plenum  (T  -  1700  K)  to  produce  a  flow  of  fluorine  atoms,  in  the  presence  of  a 
helium  diluent,  which  is  then  expanded  through  a  Mach  2.2  nozzle.  At  this 
point  tetrafluorohydrazine,  N2F4,  is  introduced  through  a  wall  injector  con¬ 
sisting  of  two  rows  of  alternating  holes  of  0.23-mm  diameter  spaced  0.64  mm 
apart.  As  a  consequence  of  the  partial  stagnation,  the  static  temperature  of 
the  flow  was  in  the  range  of  900  K  to  1150  K.  This  provides  for  the  thermal 
dissociation  of  the  ^F^  into  dif luoroamine  radicals,  NF2»  A  diffuser  or 
spacer  plate  Is  used  to  extend  this  hot  zone,  which  expands  rapidly  into  the 
shroud  section.  The  degree  of  expansion  is  adjustable  by  means  of  the  steps 
or  base  relief,  which  can  be  varied  by  moving  the  shrouds  up  and  down  indepen¬ 
dently.  For  these  experiments,  and  in  order  to  accommodate  the  insertion  of 
the  metal-atom  injector  tube,  the  shrouds  were  placed  in  their  full-open  posi¬ 
tion,  which  corresponded  to  a  separation  of  12.5  mm  at  the  hydrogen  injectors. 
The  two  H2  injectors  consisted  of  a  row  of  0.33-mm-diameter  holes  spaced  at 
1.27-mm  intervals  and  were  used  to  inject  a  1:1  mixture  of  hydrogen  and  heli¬ 
um,  the  latter  element  being  used  to  increase  the  jet  penetration.  Visible 
and  infrared  video  pictures  indicated  that  the  two  hydrogen  gas  streams  coming 
from  the  opposite  sides  would  meet  at  the  center  of  the  flow  at  approximately 
0.25  in.  downstream  of  the  injector  holes  under  all  gas-flow  conditions. 

The  Beta  flow  facility  and  flow  conditions  are  described  in  detail  else¬ 
where. ^  For  our  purposes  here  it  should  be  sufficient  to  say  that,  with  the 
recent  report  by  Malins  and  Setser^  concerning  the  radiative  lifetime  of 
NF(a^A),  we  concluded  that  this  flow  utilized  in  excess  of  50%  of  the  limiting 
reagent  species  (F  atoms)  to  produce  densities  of  NFfa^A)  -  6  x  10*5 
molecules  cm-^  over  its  flow  width  of  18  cm. 

The  metal-atom  injector  was  located  12.7  mm  downstream  of  the  hydrogen 
injectors  at  approximately  the  point  of  peak  NF(a^A)  concentration.  It  con¬ 
sisted  of  a  very  simple  design,  a  partially  flattened  No.  12  gauge  stainless- 


Schematic  Drawing  of  the  So  Facility 


steel  tube.  Holes  of  4.57-mm  diameter  12.7  mm  apart  were  drilled  in  the  top 
of  this  flattened  tube.  Bismuth,  in  the  form  of  long  strips  (6.0  x  3.0  x  200 
mm)  was  Inserted  in  the  tube.  A  thermocouple  was  also  inserted  in  the  tube 
and  its  tip  was  positioned  on  the  leading  edge  at  the  center  of  the  injector. 
The  tube  was  sealed  at  both  ends  to  prevent  the  escape  of  bismuth  liquid  or 
vapor  during  the  experiment. 

The  injector  was  attached  directly  to  the  Beta  shrouds  at  one  end  by 
means  of  a  mounting  brace,  and  to  a  spring-loaded  holder  at  the  other.  The 
spring-loaded  mounting  was  necessary  to  accommodate  the  expansion  of  the 
stainless-steel  tube  during  the  heating.  The  injector  could  be  heated  by 
passing  an  electrical  current  through  it  (Fig.  2).  However,  it  was  discovered 
that  the  temperature  rise  resulting  from  the  stagnation  of  the  flow  itself  was 
sufficient  to  achieve  the  required  elevated  temperatures.  In  Fig.  3  we  show 
the  rise  in  the  injector  temperature,  as  measured  by  the  thermocouple,  as  a 
function  of  the  arc  current  used  to  heat  the  plenum  gases.  The  two  curves 
shown  correspond  to  the  cases  of  helium  only  and  when  all  the  gases  are 
flowing. 

To  monitor  and  distinguish  the  bismuth  atom  chemiluminescence  at  8758  A 
from  the  NF(a*A)  emission  in  the  same  region,  we  used  a  two-camera,  two- 
wavelength  diagnostic.  The  computed  line  spectra  of  the  bismuth10’**  and  NF 
emissions, *^  along  with  the  transmission  curves  of  the  two  narrow-band  filters 
used  in  these  experiments,  are  shown  in  Fig.  4.  Figure  5  shows  a  schematic  of 
the  physical  arrangement  of  the  two  infrared-sensitive  GBC-ITT  video  cameras 
(model  CTC-5000)  with  respect  to  the  Beta  flow  test  chamber.  The  50/50 
pellicle  affords  each  camera  an  identical  field  of  vision  to  minimize  any 
errors  resulting  from  parallax. 

The  video  information  was  stored  on  cassette  tapes  for  subsequent  analy¬ 
sis  by  means  of  a  Quantex  digitizer  coupled  with  a  PDP  >1/10  computer. 
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Fig.  4.  Computed  Line  Spectra  of  Bismuth  and  NF  Emissions,  with  Transmission 
Curves  of  the  Two  Narrow-Band  Filters 
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III.  RESULTS  AND  DISCUSSION 


The  static  pressure  of  che  supersonic  flow  (solid  lines),  measured 
through  a  pressure  tap  located  just  above  the  metal  injector  in  the  wall  of 
the  upper  shroud,  is  shown  in  Fig.  6.  As  expected,  this  pressure  is  sensitive 
to  the  flows  of  the  constituent  gases,  in  particular  the  N2F^.  Test  runs  517 
and  518  are  identical  except  for  an  increase  in  the  arc  current  of  100  amps, 
from  350  to  450  amps.  The  significance  of  this  increase  is  that  it  causes  a 
corresponding  increase  in  the  temperature  of  the  injector  being  heated  by  the 
flow  (Fig.  7).  From  these  measured  temperatures  and  measured  vapor-pressure 
curves  of  bismuth,  as  measured  by  Nesmeyanov^,  the  pressure  of  the  bismuth 
inside  the  injector  tube  can  be  computed.  The  results  of  these  calculations 
are  shown  in  Fig.  6.  For  run  517  the  bismuth  vapor  pressure  is  extremely  low; 
therefore,  very  few  bismuth  atoms  ever  enter  the  gas  stream.  For  run  518, 
however,  the  additional  Increase  in  temperature  results  in  an  order-of- 
magni tude  increase  in  vapor  pressure,  which  is  comparable  to  the  static  pres¬ 
sure  just  as  the  N2F^  is  being  turned  off.  (The  N2F^  valve  is  of  a  special 
design  and  takes  several  seconds  to  dose,  which  thus  provides  a  period  over 
which  the  N2F^  varies.)  Decreasing  the  N2F^  results  in  a  corresponding  drop 
in  the  static  pressure,  and  for  approximately  1.6  sec  the  pressure  Inside  the 
Injector  exceeds  the  falling  jet  pressure.  It  is  during  this  time,  and  this 
time  only,  that  we  observed  chemiluminescence  through  the  bismuth  8758-A 
filter.  No  corresponding  signal  was  observed  by  the  camera  with  the  8742-A 
filter,  although  the  NF(a*A)  emission  was  clearly  discernible  by  both  cameras. 

The  more  recent  work  of  Hultgren^  indicates  that  the  vapor  pressures 
computed  by  Nesmeyanov,  as  given  in  Fig.  8,  are  too  high.  Fortunately, 
lower  values  of  the  vapor  pressure  do  not  change  the  timing  arguments  but 
rather  make  them  stronger.  Moreover,  we  observed  that  when  the  metal  injector 
was  completely  filled  with  metal,  which  removed  all  free  volume,  no  anomalous 
8758-A  emission  was  observed  (as  in  run  518).  This  is  consistent  with  the 
scenario  that  during  the  high-pressure  portion  of  the  run  the  helium  and 
hydrogen  enter  the  injector,  and  then,  during  the  falling  jet  pressure  (i.e. , 
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for  1.6  sec),  these  gases,  along  with  any  bismuth  atoms,  escape.  The  relative 
amounts  of  bismuth  atoms  that  escape  are  determined  by  the  partial  pressures, 
which  are  still  an  order  of  magnitude  higher  for  run  518. 

Figures  8a  and  8b  show  the  two-dimensional  representation  of  the  emission 
observed  through  the  8758-A  filter  after  being  digitized  by  the  Quantex.  The 
flow  Is  from  left  to  right  as  in  Fig.  1.  The  position  and  size  of  the 
Injector  and  mounting  bracket  are  indicated.  The  holes  by  which  the  bismuth 
vapor  can  be  released  into  the  flow  are  located  on  the  top  of  the  injector,  as 
shown  by  the  small  arrow.  Looking  closely,  one  can  see  that  the  emission 
above  the  injector  is  greater  in  Fig.  8b  (corresponding  to  run  518)  than  In 
Fig.  8a.  This  increased  signal  only  persists  for  the  1.6  sec  discussed 
above.  Prior  to  this  critical  period,  runs  517  and  518  are  Identical.  Also 
indicated  in  Figs.  8a  and  8b  are  the  positions  at  which  vertical  and 
horizontal  cross  scales  are  taken.  Figures  9a  and  9b  show  these  vertical 
scans  for  the  upstream  and  downstream  positions.  The  additional  emission  of 
run  518  on  the  downstream  crosscut  (V85)  is  clearly  apparent  over  the  corre¬ 
sponding  emission  of  run  517.  On  the  other  hand,  the  upstream  crosscuts  are 
essentially  the  same.  Similar  remarks  hold  for  Figs.  10a  and  10b,  which  show 
the  corresponding  horizontal  cross  scans. 

An  analogous  investigation  of  the  emission  signals  recorded  by  the  camera 
with  the  8742-A  filter  failed  to  show  any  correspondingly  enhanced  emission 
above  the  injector.  Thus  the  enhanced  emission  is  not  caused  by  NF(a^A)  and 
is  localized  in  the  8758-A  spectral  region,  l.e.,  the  region  of  81*  emission. 

One  can  attempt  to  estimate  the  population  density  of  the  excited-state 
bismuth  atoms  relative  to  that  of  the  NF(a^A)  by  comparing  the  signal  levels 
of  the  two  species,  taking  into  account  the  number  of  lines  and  relative  emis¬ 
sion  cross  sections  observed  through  the  narrow-band  8758-A  filter  (Fig.  5). 
This  calculation  involves  the  observation  that,  although  there  were  4  in.  of 
holes  in  the  injector,  only  the  center  inch  showed  appreciable  mass  loss;  this 
suggests  that  the  actual  emission  zone  was  only  1  in.,  or  one-tenth  the  length 
over  which  the  NFCa^A)  emits  radiation.  Taking  all  these  factors  into 
account,  we  roughly  estimate  a  relative  bismuth  atom  density  of  approximately 
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Vertical  Scans  for  Upstream  and  Downstream  Cross  Scale  Positions 
Indicated  in  Fig.  8 


and  Downstream 


IX  of  the  NF(a*A).  Although  a  rather  low  yield,  this  percentage  represents  a 
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population  density  >  10  atoms  cm  ,  which  is  a  scaling  of  several  orders  of 
magnitude  over  previous  experiments.  Perhaps  of  greater  significance  is  the 
fact  that  the  above  calculation  demonstrates  that  bismuth  atoms  can  survive, 
at  least  for  a  few  tens  of  microseconds,  in  the  rather  hostile  environment  of 
a  reactive  supersonic  flow  of  NF(a^A). 

Unfortunately,  because  the  bismuth  atom  vapor  pressure  is  so  sensitive  to 
the  flow  conditions  and  because  we  rely  on  the  flow  itself  to  do  the  heating, 
the  results  were  not  as  repeatable  as  we  would  have  liked.  As  a  consequence, 
this  flow-heated  metal  injector  approach  has  been  discontinued  in  favor  of  the 
use  of  gaseous  organo-blsmuth  compounds  as  a  controllable  source  of  atomic 
bismuth. 
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LABORATORY  OPERATION’S 


The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting  exper¬ 
imental  and  theoretical  investigations  necessary  for  the  evaluation  and  applica¬ 
tion  of  scientific  advances  to  new  military  space  systems.  Versatility  and 
flexibility  have  been  developed  to  a  high  degree  by  the  laboratory  personnel  in 
dealing  with  the  many  problems  encountered  in  the  nation's  rapidly  developing 
space  systems.  Expertise  In  the  latest  scientific  developments  Is  vital  to  the 
accomplishment  of  tasks  related  to  these  problems.  The  laboratories  that  con¬ 
tribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  vehicle  and  reentry  aerodynamics  and  heat 
transfer,  propulsion  chemistry  and  fluid  mechanics,  structural  mechanics,  flight 
dynamics;  high- temperature  thermooechanlcs ,  gas  kinetics  and  radiation;  research 
in  environmental  chemistry  and  contamination;  cw  and  pulsed  chemical  laser 
development  Including  chemical  kinetics,  spectroscopy,  optical  resonators  and 
beam  pointing,  atmospheric  propagation,  laser  effects  and  countermeasures . 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions,  atmo¬ 
spheric  optics,  light  scattering,  state-specific  chemical  reactions  and  radia- 
Cion  transport  in  rocket  plumes,  applied  laser  spectroscopy ,  laser  chemistry, 
battery  electrochemistry,  space  vacuum  and  radiation  effects  on  materials,  lu¬ 
brication  and  surface  phenomena,  thermionic  emission,  photosensitive  materials 
and  detectors,  atomic  frequency  standards,  and  bioenvironmental  research  and 
monitoring, 

Electronics  Research  Laboratory:  Microelectronics,  GaAs  low-noise  and 
power  devices,  semiconductor  lasers,  electromagnetic  and  optical  propagation 
phenomena,  quantum  electronics,  laser  communications,  Ildar,  and  electro-optics; 
communication  sciences,  applied  electronics,  semiconductor  crystal  and  device 
physics,  radiometric  imaging;  millimeter-wave  and  microwave  technology. 

Information  Sciences  Research  Office:  Program  verification,  program  trans¬ 
lation,  performance-sensitive  system  design,  distributed  architectures  for 
•paceborne  computers,  fault-tolerant  computer  systems,  artificial  intelligence, 
and  microelectronics  applications. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metal  matrix 
composites,  polymers,  and  new  forms  of  carbon;  component  failure  analysis  and 
reliability;  fracture  mechanics  and  stress  corrosion;  evaluation  of  materials  in 
space  environment;  materials  performance  in  space  transportation  systems;  anal¬ 
ysis  of  systems  vulnerability  and  survivability  in  enemy-induced  environments. 

Space  Sciences  Laboratory:  Atmospheric  and  Ionospheric  physics,  radiation 
from  the  atmosphere,  density  and  composition  of  the  upper  atmosphere,  aurorae 
and  alrglov;  megnetoapherlc  physics,  cosmic  rays,  generation  and  propagation  of 
plasma  waves  in  the  magnetosphere;  solar  physics.  Infrared  astronomy;  the 
affects  of  nuclear  explosions,  magnetic  storms,  and  solar  activity  on  the 
earth's  atmosphere,  Ionosphere,  and  magnetosphere;  the  effects  of  optical, 
electromagnetic,  and  particulate  radiations  in  apace  on  apace  systems. 
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